ABSTRACT. Murine tracheal epithelial cell lines, TM01and TM02-3, were established from a primary culture of tracheal cells of adult transgenic mice bearing a temperature-sensitive simian virus (SV40) large T-antigen gene. Both TM01and TM02-3 cells, which grew until con fluent monolayers were formed, maintained tight contact with neighboring cells, and retained the characteristics of epithelial cells with microvilli on the surface. These cells grew at a permissive temperature (33°C), but did not at a nonpermissive temperature (39°C), indicating that TM01and TM02-3 cells undergo temperature-sensitive growth. Large T-antigen was expressed only in the nuclei at 33°C. Sepharose CL-4B column chromatography using a 14C-glucosamine hydrochloride, indicating that both cells produced high molecular weight glycoconjugates, and suggesting that these cells may originate from mucus-producing cells. TM01cells expressed intercellular adhesion molecular-1 (ICAM-1) in both unstimulated and stimulated (1,000 U/ml tumor necrosis factor-a and 500 U/ml interferon-^) conditions, whereas TM02-3cells expressed ICAM-1only under stimulated conditions. Weconclude that these cell lines mayserve as a useful model to study the tracheal cell functions under defined in vitro conditions. The respiratory tract is protected by mucus, which consists of glycoconjugates, proteins and lipids (1). Mucus (SV40) large T-antigen gene (9-ll). It has also been indicated that a transgenic mouse which harbors the temperature-sensitive SV40 (tsSV40) large T-antigen gene is useful for establishing culture cells from tissues that have proved difficult to culture in vitro (12-18). Recently, we reported the establishment of gastric surface mucus cell lines, GSM06and GSM10, which have specific functions, from the primary culture of gastric mucosal cells of the transgenic mice harboring the tsSV40 large T-antigen gene (17, 19, 20).
The respiratory tract is protected by mucus, which consists of glycoconjugates, proteins and lipids (1) . Mucus plays important role in the defense of the underlying mucosa by trapping inhaled bacteria and other contaminated particles and allowing their removal by mucociliary clearance (1) (2) (3) (4) . Although several investigators have succeeded in establishing primary cultures of epithelial cells from the respiratory tract of various species (5-8), almost all of these cultures rapidly lose their differentiated phenotype and have a relatively short life-span. To circumvent these difficulties, investigators have taken advantage of the properties of certain DNAtumor viruses and/or certain transforming genes which promote cell division. Previous reports showed that stabilization of cell type-specific functions in various immortalized cell lines was introduced by the simian virus (SV40) large T-antigen gene (9-ll). It has also been indicated that a transgenic mouse which harbors the temperature-sensitive SV40 (tsSV40) large T-antigen gene is useful for establishing culture cells from tissues that have proved difficult to culture in vitro (12) (13) (14) (15) (16) (17) (18) . Recently, we reported the establishment of gastric surface mucus cell lines, GSM06and GSM10, which have specific functions, from the primary culture of gastric mucosal cells of the transgenic mice harboring the tsSV40 large T-antigen gene (17, 19, 20) .
In the present study, we succeeded in establishing tracheal epithelial cell lines TM01 and TM02-3, which produce high molecular weight glycoconjugates from transgenic mice bearing the tsSV40 large T-antigen gene. In addition, these cells express intracellular adhesion molecule-1 (ICAM-1) on their surface.
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MATERIALS AND METHODS

Materials
Establishment of immortalized cell lines
Male and female transgenic mice (6 to 8 weeks old) which wereof the samestrain as wasused in the previous experiments (12, 13, 17, 18) were killed by exsanguination under ether anesthesia. Their tracheas were excised and rinsed several times with physiological saline. The tracheas were minced and cultured for 24 h at 37°C in DME/F12medium containing 2% FBS, 1% ITES, lOng/ml EGF, 100units/ml penicillin, 100 fig/ml streptomycin and 25 /^g/ml amphotericin B in a collagen-coated culture dish (Iwaki Glass Co., Tokyo, Japan). The cells were then cultured under conditions that were the same except for the temperature, this time 33°C. After 7 days of culture, tissue specimens were removed, and cells attached to the dish were cultured under the same conditions. Whenthe dish became con fluent with growing cells, the cells were passaged by using a 0.1 Mphosphate-buffered saline (PBS) containing 0.25% trypsin and 0.02% Na2EDTA for lO min at 37°C (trypsin-EDTA treatment). To remove fibroblastic cells from the culture, dispase (25 U/ml) was added to the culture mediumfor 24 h (17, 21) . Then the cells (uncontaminated with fibroblastic cells) were cloned by colony formation (17, 22) . In brief, forty cells were cultured in a 6-cm dish, and a colony which had been formed from a single cell was separated using a cylinder (10 mmlong and 6 mm i.d.) and cloned. The cloned cells were passaged by trypsin-EDTA treatment.
Cell culture The cells were cultured in Daigo's T mediumsupplemented with 1% ITES, lOng/ml EGF and 2% FBS at 33°C, unless noted otherwise. For cell culture in soft agar gel, the cells (5 x 105 cells/cm3) were suspended in agar solution, layered on a semisolid feeder layer, in a culture dish, and incubated at 33°C (19).
Morphological investigation
For transmission electron microscopy (TEM), the cells were seeded on a collagen type IV-precoated cell culture insert (Becton Dickinson and Co., Lincoln Park, NJ, USA) in a 6-well culture plate (Becton Dickinson and Co.) for 3 days at 33°C. After fixing with 2.5% glutalaldehyde buffered in 0. 1 M phosphate-buffered solution (PB solution) at 4°C, the cells were washed 3 times with 0.1 MPB solution and osmicated in 1% osmium tetroxide for 30 min at 4°C. The dehydrated materials was sectioned and subsequently stained with uranyl scetate and lead hydroxide for examination with a TEM(H-800, Hitachi Co., Tokyo, Japan).
Cell growth experiments
The cells were suspended in Daigo's T mediumsupplemented with 2% FBS, 1% ITES and 10 ng/ml EGF, cultured in collagen-precoated 24-well-plate (Iwaki Glass) for 24 h at 33°C (0.5-1x104cells/well).
After being washed twice with Daigo's T medium, the cells were cultured for 0-15 days at 33, 37 or 39°C. The culture media were exchanged every three days. After one washing with 0.1 MPBS, the cells were harvested by trypsin-EDTA treatment and the number of cells was counted using a hematocytometer.
Immunohistochemistry for large T-antigen
The cells were cultured on a collagen type IV-precoated twochamber slide (Nunc, Naperville, Denmark) for 3 days at 33
or 39°C, and fixed in acidified ethanol solution (ethanol, 95%; acetic acid, 5%) for 20min at -20°C. After being washed 5 times with 0.1 MPBS, they were incubated with 0.1 M PBS containing 1% bovine serum albumin (BSA) for 1 h at room temperature, washed 5 times with 0.1 MPBS, and incubated with the monoclonal antibody to SV40 large T-antigen (0.2 jug/ml) in 0.1 MPBS containing 1% BSA for 24 h at 4°C.
After being washed 5 times with 0.1 MPBS, the cells were placed in FITC-labeled goat anti-mouse IgG (10 //g/ml) in 0. 1 MPBS containing 1% BSA for 2 h at room temperature and then washed 5 times with PBS. The fluorescence of FITC in the cell was examined under a fluorescence microscope (BH-2;
Olympus, Tokyo, Japan) (17).
Measurement of production of glycoconjugates
Either TM01 (5x 106cells/well) or TM02-3 cells (1.6x 106 cells/well) were cultured in Daigo's T medium supplemented with 2% FBS, 1% ITES and 10 ng/ml EGF in a collagen-precoated 6-well plate (3 ml/well; Iwaki Glass) for 5 days at 33°C, rinsed twice with 0.1 M PBS, and incubated in Daigo's T medium containing 5 ptd 14C-glucosamine hydrochloride, 2% FBS, 1% ITES and 10ng/ml EGF for 48h at 37°C. After two washes with 0.1 M PBS, the cells were removed by cell scraper, and suspended in 50 mMTris-HCl (pH 7.4). The cell suspension was boiled for 3 min, and vigorously homogenated in a Waring-type blender (Physcotron, Nichion Rika Co., Chiba, Japan) for 2 min. For enzyme digestion, the homogenate was digested with 10 U/ml of hyaluronidase (the pH of the medium was adjusted to 6.0 by addition of 100 mM citric acid) for 24h at 37°C (23). Either undigested or digested homogenate was added to Triton X-100 (final concentration: 2%), incubated for 1 h at 37°C and centrifuged at 10,000 rpm for 20 min. The supernatant was then applied to Sepharose CL-4B column (1 x 50 cm) equilibrated with 50 mMTris-HCl (pH 7.4) containing 2% Triton X-100. Fractions of 2 ml were collected, and their radioactivity was determined (24).
Flow cytometry analysis Subconfluent monolayers of the cells were incubated in the presence or absence of 1,000U/ml TNF-a and 500U/ml IFN-f for 48 h at 33°C. The cells were harvested by trypsinEDTAtreatment. After being washed with PBS containing 1% BSA, 0.05% NaN3 and 0.02% Na2 EDTA (PBS-BNE buffer), the cells (1 x 106) were incubated with the appropriate dilution of FITC-labeled monoclonal antibody to ICAM-1 in PBS-BNEbuffer for 20 min on ice. After a wash with PBSBNEbuffer, FITC-labeled cells were suspended in PBS-BNE buffer containing 2 /ig/ml 7-amino-actinomycin D to exclude dead cells from the analysis. Fluorescence intensity was measured with a FACScan instrument (Becton Dickinson, and formed. These cells showed a pavement-like fashion, and maintained tight contact with neighboring cells (Fig.  1 ).
Carcino genicity
WhenTM01and TM02-3cells were cultured in a soft agar gel, the cells did not show colony-forming activity (data not shown), indicating that they were probably not malignant.
Histological study Figure 2 shows elctron micrographs of TM01 and TM02-3cells that maintained epithelial cell morphology with microvilli on the cell surface. Mucusgranules were present in the cytoplasm of both cells. However, junctional complexes such as desmosomes between the cells were observed in TM01cells but not in TM02-3 cells.
Cell growth and expression of large T-antigen
The growth of TM01and TM02-3 cells was measured Higher cell growth activity was observed at 33°C as compared with at 37°C in TM01cells. In TM02-3 cells, the cell growth at 37°C was comparable to that at 33°C. However, at 39°C, neither TM01 nor TM02-3 cells showed any growth ( Fig. 3A and B) . These results indicate that the growth of TM01and TM02-3 cells is sensitive to temperature.
Whenthe temperature of the culture of the cells was lowered from 39 to 33°C, cell growth was restored, indicating that the temperature-sensitive growth of TM01 and TM02-3 cells is reversible (Fig. 3C and D) . In both cells, the large T-antigen was produced in the nuclei of the cells at 33°C (Fig. 4A and C) , but disappeared at 39°C (Fig. 4B and D) . Therefore, the temperature-sensitive growth phenotype of TM01and TM02-3 cells may arise as a result of the function of tsSV40 large T-antigen. This tendency was observed in hepatocyte (12), gastric surface mucus cell (17) and bone marrow stro- 
Measurementof production of glycoconjugates
The experiments were designed to test the hypothesis that TM01and TM02-3 cells could incorporate 14C-glucosamine into high molecular weight glycoconjugates including mucins and hyaluronic acid. This hypothesis was based on the assumption that glucosamine is interconverted with all of the sugars present in high molecular weight glycoconjugates. Figure 5 shows typical results of the Sepharose CL-4Bcolumn elution profiles of the lysate from TM01and TM02-3 cells. With the former, the peak of void-volume was observed in the control group, but the level of the void-volume peak was lowered by hyaluronidase treatment (Fig. 5A) , indicating that the TM01cell line produced high molecular weight glycoconjugates containing hyaluronic acid.
High molecular weight glycoconjugates produced by TM02-3cells, on the other hand, were not digested by hyaluronidase (Fig. 5B) , indicating that TM02-3 cells produce high molecular weight glycoconjugates without hyaluronic acid. These finding suggest that both TM01and TM02-3 cells may originate from mucusproducing cells.
Measurement of adhesion molecule ICAM-1 Measurements of ICAM-1 by flow cytometry indicated that TM01cells expressed a significant level of ICAM-1 on the cell surface in both unstimulated and stimulated (1,000 U/ml TNF-a and 50 U/ml IFN-f) conditions. The level of ICAM-1 expression was not raised by the stimulation in TM01 cells ( Fig. 6A and C) . However, although TM02-3 cells did not originally express ICAM-1, treatment with both 1,000 U/ml TNF-a and 500 U/ml IFN-f induced cells which expressed ICAM-1 The cells were labeled with 14C-glucosamine hydrochloride for 48 h at 37°C. The cell homogenate was incubated with or without hyaluronidase for 24 h at 37°C, and the supernatant was applied to the Sepharose CL-4B column (1 x 50 cm), fractions of 2 ml were collected, and the radioactivity of the fractions was counted. Open circles, hyaluronidase-nontreated sample; closed circles, hyaluronidase-treated sample. Vo indicates the void volume fraction. Log. fluorescence intensity ( Fig. 6B and D) . Taken together, the results show that TM01 and TM02-3 cells have the ability to express ICAM-1 on their surface.
DISCUSSION
Several investigators have indicated that transgenic mice harboring a tsSV40 large T-antigen gene are useful for establishing cell line from different kinds of tissues that have proved to be difficult to culture in vitro (12) (13) (14) (15) (16) (17) (18) . Hepatocyte (12), renal tubular (13), gastric surface mucus (17), small intestinal (15), colonic (15), osteoclast-inductive (16) and bone marrow stromal (18) cell lines were established from the transgenic mice. Interestingly, each cell line retained its original specific function in the same degree. In the present study, we succeeded in establishing tracheal epithelial cell lines, TM01 and TM02-3, which produce high molecular weight glycoconjugates and express ICAM-1, from a primary culture of tracheal cells of adult transgenic mice bearing a tsSV40 large T-antigen gene. TM01and TM02-3 cells have epithelial cell characteristics including pavement-like fashion, contact inhibition of cell growth, and microvilli over the surface. In our preliminary histological studies using anti-cytokeratin monoclonal antibodies, the cytokeratin was detected in the cytoplasm of TM01 and TM02-3 cells (Sugiyama et al., unpublished observation) . TM01, but not TM02-3cells had junctional complexes such as desmosomesbetween the cells. This is also supported by the fact that the transepithelial resistance level of a monolayer of TM01cells between the apical and basolateral chambers in a cell culture insert is larger than that of TM02-3 cells (Numata et aL9 unpublished observation) . A reduction in the number of desmosomes has been described in some carcinomas (25); the magnitude of this reduction was correlated to the degree of transformation among cell lines with varying tumorigenic potential (26-28). Therefore, although TM01 and TM02-3 cells did not show colony-forming activity, the tumorigenic potential of TM01 cells may be smaller than that of TM02-3cells.
It has been demonstrated that primary tracheal epithelial cells produce high molecular weight glycoconjugates (23, 29, 30) . Although the major component of the high molecular weight glycoconjugates produced by tracheal epithelial cells on a plastic surface (undifferentiated condition) was hyaluronic acid, the cell cultures on specific cellular support systems such as collagen matrices (differentiated condition) produced high molecular weight glycoconjugates including mucins and mucin-like glycoproteins (29, 30). Sepharose CL-4B column chromatography using a 14C-glucosamine hydrochloride indicates that TM01cells produce high molecular weight glycoconjugates containing hyaluronic acid, and that TM02-3 cells produce hyaluronidaseinsensitive high molecular weight glycoconjugates on a collagen-coated culture vessel. It can therefore be concluded that TM02-3 cells are probably more differentiated as a cell line than TM01cells. ICAM-1,an adhesion molecule involved in migration and activation of T cells and macrophages, is expressed on both endothelial and epithelial cells in the airway, and plays an important role in immune and inflammatory responses (31 , 32) . In our experiments, flow cytometry analysis using the antibody to ICAM-1 indicated that either TM01or TM02-3 cells express ICAM-1 antigen on the cell surface. Moreover, stimulation with a combination of the proinflammatory cytokines TNFa and IFN-f induced ICAM-1 expression in TM02-3 cells, but not in TM01cells. It is unclear why TM01 cells did not respond to the stimulation, but it is possi- Recently, Wikenheiser et al. (37) reported that murine immortalized distal respiratory epithelial cell lines were produced from lung tumors generated in transgenic mice harboring the viral oncogene SV40 large T-antigen under the transcriptional control of a promoter region from the human surfactant protein C gene. Although the cell lines exhibited the morphology and functional characteristics of distal epithelial cells, the cell growth characteristics of the cell lines were just like those of carcinoma cells, namely, lack of contact inhibition, three-dimensional configuration, and tumorigenic activity in nude mice. In contrast, but like normal cells, both TM01 and TM02-3 cell lines established from the tracheas of transgenic mice harboring tsSV40 large T-antigen gene cause inhibition of cell growth on contact, and no colony-forming activity in a soft agar gel. Thus, the transgenic mice harboring SV40 or tsSV40 large T-antigen gene may be useful for establishing respiratory epithelial cell lines. In addition, the transgenic mice used in this work may be suitable for establishing cell lines that have normal cell growth characteristics.
In conclusion, the tracheal epithelial cell lines, TM01 and TM02-3, which retain high differentiation physiological properties, should be useful models for studying tracheal cell functions under defined in vitro conditions.
